Hemispheric asymmetries of speech and music processing might arise from more basic specializations of left and right auditory cortex (AC). It is not clear, however, whether such asymmetries are unique to humans, i.e., consequences of speech and music, or whether comparable lateralized AC functions exist in nonhuman animals, as evolutionary precursors. Here, we investigated the cortical lateralization of perception of linearly frequency-modulated (FM) tones in gerbils, a rodent species with human-like lowfrequency hearing. Using a footshock-reinforced shuttle-box avoidance go/no-go procedure in a total of 178 gerbils, we found that (i) the discrimination of direction of continuous FM (rising versus falling sweeps, 250-ms duration) was impaired by right but not left AC lesions; (ii) the discrimination of direction of segmented FM (50-ms segments, 50-ms silent gaps, total duration 250 ms) was impaired by bilateral but not unilateral AC lesions; (iii) the discrimination of gap durations (10 -30 ms) in segmented FM was impaired by left but not right AC lesions. AC lesions before and after training resulted in similar effects. Together, these experiments suggest that right and left AC, even in rodents, use different strategies in analyzing FM stimuli. Thus, the right AC, by using global cues, determines the direction of continuous and segmented FM but cannot discriminate gap durations. The left AC, by using local cues, discriminates gap durations and determines FM direction only when additional segmental information is available.
T
he cerebral lateralization of speech and music processing has remained a persistent puzzle, in particular with regard to the question of which mechanistic level between acoustic-feature analysis and cognitive interpretation of semantic contents may be at the roots of channeling the information to the two hemispheres (1) (2) (3) (4) . If one entertains a basic auditory hypothesis, it is reasonable to assume that early auditory cortex (AC) should show signs of relevant lateralization and that specializations also apply to some sounds that are clearly not speech or music because their elementary acoustic structure is not unique. In this vein, a rich literature has accumulated supporting the view that right AC may be more prone to high spectral resolution and left AC to high temporal resolution (5) (6) (7) (8) (9) . There is much evidence indicating that the left AC is specialized for processing rapidly changing sounds, regardless of whether speech or nonspeech (10) (11) (12) (13) . In support of a causal connection to speech processing, there are a number of studies showing temporal processing deficits in language-impaired children (14, 15) or dyslexic adults (16, 17) , and some of these studies indicate that these deficits can be overcome by training (14, 17) . Corresponding to the genetic basis of speech and language (18) , brain imaging studies showed that in infants a few months old (19) and even in neonates (20) , i.e., well before the onset of speech production, there is a left-hemisphere superiority to process specific properties of speech. Recently, Benasich et al. (21) used the 6-month old infant as a prelinguistic model to predict later language abilities. Considering these data suggesting that basic auditory processing abilities may underlie human language development, it is surprising that ''prelinguistic'' animal models do not play a more dominant role in research on auditory cortex functions in humans. This might reflect a widely held belief that human speech and language represent processes unique to humans and, as such, are not amenable to study in nonhuman species (22) . Nevertheless, the advantage of animal models is fairly straightforward (23) : In humans, speech perception involves both auditory pattern analysis and speech-specific higher levels of processing, dispositions that may not be separable even by studying infants. Animals, however, can provide a model of human's auditory-level processing in the absence of semantic interference of speech in a search for basic lateralizations of function. But some type of animal research may entail the same semantic problems as human studies with speech. Thus, in the studies using species-specific vocalization in birds (24) (25) (26) , mice (27, 28) , sea lions (29) , and monkeys (30) (31) (32) (33) (34) (35) , as a rule, a left-hemisphere advantage (25, (27) (28) (29) (30) (31) (32) 34) , and in few studies a right-hemisphere advantage (26, 35) , was found-but no asymmetry (24, 29, 33, 35) or a right-hemisphere bias (32, 34) when non-species-specific sounds were applied [for review of animal studies, see supporting information (SI) Table S1 ]. Therefore, some authors concluded that the laterality effect is related to the communicative valence of signals rather than to their acoustic characteristics (36) . Studies applying different artificial, semantically neutral sounds, only occasionally performed in animals (Table S1 ), yielded inconsistent results (34, (37) (38) (39) (40) (41) .
Searching for possible precursors of human AC lateralizations in animals, we found that the discrimination of direction of linearly frequency-modulated (FM) tones is impaired by right but not by left AC lesions in gerbils (42) . This AC asymmetry has recently been confirmed in rats (43) . In human functional (f)MRI experiments, we found that the categorization of direction of FM stimuli produced dominant blood-oxygen leveldependent (BOLD) activation of right AC, but categorization of their duration resulted in activation of left AC (44) . Moreover, a matching-to-sample task with the same FM stimuli in serial comparisons generated dominant left AC activations (45) . Similarly, in a ''streaming'' task, where the selective segmental comparison of stimuli is crucial, BOLD activation was lateralized to the left AC (46) . This led to the hypothesis that, at least for stimuli with no primary semantic valence, their dominant representation in either right or left AC will depend on the type of task that is executed with them. Thus, the selective use of the cues for comparisons or conceptualizations appears to deter-mine hemispheric lateralization of their representation (47) . Related results from studies using visual stimuli (48) are consistent with this hypothesis. Thus, the degree of resolving one or the other stimulus property may not depend chiefly on the stimulus material offered but on the specific demands of the task.
Here, we extend this concept of task specificity to the question of which spectrotemporal cues of FM stimuli are selectively used for right-bound versus left-bound conceptualizations. In our animal model (42), we lesioned ACs of gerbils bilaterally or unilaterally and trained them before and after lesions on various discriminations of linearly FM tone sweeps that were either continuous or segmented. Based on our previous lateralization studies in gerbils (42) and humans (44) (45) (46) and considering the related data of other authors (6, 13, 49), we used artificial stimuli that varied along spectral and temporal dimensions (see Table 1 ). In gerbils, a hypertrophied middle-ear cavity results in increased low-frequency hearing, a feature that seems to be important in a desert environment where it is necessary to escape from predators, e.g., owls and snakes that produce frequencies in the range of 1-2 kHz. This rodent with its low-frequency hearing in the speech range has proven to be a suitable model to trace the roots of auditory phoneme processing, namely of vowel distinctions (50) .
Results
In experiment 1 with discrimination training of a rising and a falling continuous 250-ms FM sweep, we found that bilateral AC lesions made either before training ( Table S2 .
In experiment 2, the directional discrimination of segmented FM (250-ms total and 50-ms gap and segment durations) was also impaired by bilateral AC lesions. This effect, similar to experiment 1, was obtained by lesions before training ( Fig , impairment by bilateral lesion; !, impairmant by unilateral lesion; O, no effect; n, number of animals. contin., continuous; segm., segmented; Bilat, bilateral. *The same animals were used in tasks C and D.
A B C D Table S3 ). On the other hand, there were no significant lesion effects on the number of intertrial crossings (Table S4) . Thus, motor control was not changed.
Experiment 1 showed that the discrimination of direction of FM in continuous sweeps exclusively depends on right AC, i.e., left AC alone cannot use continuous FM for directional discrimination. Experiment 2 showed that for segmented FM, directional discrimination can be performed with either hemisphere. In other words, right but not left AC can use both segmented and continuous FM for directional discrimination, and left AC can use only segmented FM. This seemingly counterintuitive result of better discrimination of left AC with more complex stimuli might be explained by assuming that segmented FM contains additional auditory cues that allow the directional discrimination also by the left AC. Therefore, the following experiments searched for discrimination abilities that depended on segmentation. By having animals discriminate continuous and segmented FM of the same direction but with different gap durations, we determined which hemisphere was sensitive to segmental variation.
In experiment 3, control and lesioned gerbils were trained to discriminate rising continuous FM of experiment 1 from rising segmented FM with 50-ms gaps of experiment 2. In this experiment, however, we not only trained the animals to discriminate these standard FM, but also had intermingled sessions where we tested untrained shorter gaps of 10-, 15-, 17-, 19-, 21-, 23-, 25-, and 30-ms duration without reinforcement. These gaps were chosen according to particular time windows critical for processing rapidly changing acoustic information (6, 11, 13, 15) . Fig.  3A shows that control animals learned to discriminate the standard FM within five sessions, but animals with bilateral AC lesions did not. Only in a second training period did lesioned animals reach the average performance of controls. The impairment was similar in animals that were first trained and then bilaterally lesioned (Fig. 3B) . These animals lost their previous high performance and did not improve in the first training period after lesioning with standard FM. We did not try to improve this low performance by further training periods. Similar to the Unilateral lesion after training (LesL, n ϭ 7; LesR, n ϭ 7). In A-D, CS ϩ with 50-ms gaps and CS Ϫ with no gaps were used. (E) Unilateral lesion after training using CS ϩ with no gaps and CS Ϫ with 50-ms gaps (LesL, n ϭ 7; LesR, n ϭ 7).
bilaterally lesioned cases, in unilaterally lesioned animals, the performance in the first training period after the lesion was significantly lower than in control animals, but there was no difference between right and left AC-lesioned groups (compare Fig. 3 C with A, and compare D and E with B). Further details on statistical analysis of discrimination performance can be found in Results in SI Text and Table S2 . Thus, unilaterally lesioned animals showed no hemispherespecific impairment when the average performance to the trained FM stimuli was measured (difference between hit rate and false alarms). As shown in Fig. 3 , intermediate testing with shorter untrained gaps always lowered the discrimination performance per session in control and lesioned animals. This drop of performance also showed no significant right/left-hemisphere difference. Such a difference, however, appeared when we used the average conditioned response rates and plotted them as a function of gap duration (10-30 ms) of the untrained, i.e., nonreinforced test FM. Fig. 4 A-C shows three examples of this correlation analysis for the before and after training and lesion groups of Fig. 3 C, D , and E, respectively. Animals with intact left AC systematically changed the conditioned response rate with gap duration both after before-training (Fig. 4A ) and after-training (Fig. 4 B and C) lesions. Animals with only right AC intact responded similarly for all gaps, i.e., showed no dependence of conditioned response rate on gap duration.
The positive and negative slopes of the regression lines in Fig.  4 A-C have an interesting implication: They allow an interpretation as psychophysical generalization gradients. In the group in which the segmented FM with 50-ms gaps during training was used as a CS ϩ (Figs. 3 C and D and 4 A and B) the highest conditioned response rate to the test FM occurred with longest gaps (30 ms). In the group with continuous FM used as a CS ϩ (Figs. 3E and 4C) , the highest conditioned response rate to the test FM occurred with shortest gaps (10 ms). Thus, segmental generalization that depends on the left hemisphere uses similarities to the trained CS as a cue. Fig. 5 , summarizing the results of all test sessions in all groups of experiment 3, shows that there is a significant correlation between gap duration and conditioned responses in controls and in right AC-lesioned gerbils but not in bilateral or left AC-lesioned gerbils.
Experiments 1, 2, and 3 together (see Table 1 ) suggest the following strategies of AC lateralization: The right AC is not sensitive to segmental variation and therefore might be able to disregard any segmentation for determining the direction of FM. It seems to generate a rather global view of direction of frequency change. The left AC, by contrast, seems to rely on segmentations to determine and distinguish directions of frequency change. Its dependence on the local spectrotemporal cues of segmentations is so strong that it does not consider variations of a learned segmentation as equivalent, even though the periodicity of segments at 10 Hz and the total frequency bandwith of the FM remained the same in all cases.
Discussion
Our results demonstrate a high degree of asymmetry of right and left AC processing of artificial sounds by using FM directional discrimination and FM gap-duration discrimination tasks in a nonhuman species. Direct evidence of hemispheric asymmetries in studies using artificial sounds were found hitherto mostly in humans. In these studies, which used different auditory nonspeech stimuli that varied in temporal and spectral domains, either a left-hemispheric or a right-hemispheric dominance was found depending on the acoustic characteristics of stimuli (5, 6, 8, 9, 11, 13) . These human studies suggest that hemispheric asymmetry is not merely a speech-specific phenomenon as originally assumed but A B C Fig. 4) calculated from all experiments shown in Fig. 3 . Each correlation coefficient was calculated from four gap-duration test sessions either before (hatched columns) or after (black columns) lesions. Les, bilateral lesion; SL, sham-lesion; LesL, lesion left; LesR, lesion right; hatched line: significance level (r ϭ 0.3494; P ϭ 0.05); * , P Ͻ 0.01; ** , P Ͻ 0.001; *** , P Ͻ 0.0001. (A) Bilateral and unilateral lesions before training (Fig. 3 A and C) . (B) Bilateral and unilateral lesions after training (Fig. 3 B and D) . In A and B, CS ϩ with gaps of 50 ms and CS Ϫ with no gaps were used. (C) Unilateral lesions after training (Fig. 3E) . In this case, CS ϩ had no gaps, and CS Ϫ had gaps of 50 ms.
rather depends on temporal vs. spectral (5-8), rapid vs. slow (51) , and/or local vs. global (52, 53) processing of any auditory stimuli. The present animal data on lateralized auditory cortex functions in gerbils are consistent with this view. An overview of our data, containing the different acoustic stimuli, the discrimination tasks, and the unilateral and bilateral lesion effects in all experimental series of the present study, is given in Table 1 . These AC lesion studies suggest not only that right or left AC are superior to the other hemisphere in the performance of one or another discrimination task, i.e., fulfill a dominance criterion but are sufficient to execute different tasks. Within the realm of tasks analyzed here, the exclusive role of right AC seems to be the distinction of direction of continuous frequency changes. But it can also discriminate directions of stepped frequency change by disregarding the steps and creating a continuity illusion as recently shown in single-neuron responses recorded from macaque monkey's right auditory cortex (54) . Thus, it seems to develop a rather global view of the frequency changes. The left AC can discriminate direction of frequency changes only if discrete steps are available for which it shows a fine discrimination, i.e., it seems to develop a directional discrimination from a local perspective of the time-frequency structure of such steps. Thus, our results support the view that auditory patterns are conceptually analyzed-comparable with visual patterns (47, 53, (55) (56) (57) (58) -by local (sequential, analytic, relational) processing, preferentially in the left hemisphere, and/or global (parallel, holistic, unitary) processing, preferentially in the right hemisphere (52, 53, 59) . This local/global interpretation should be confirmed by further animal studies, e.g., by experiments testing the smallest gap duration that would be sufficient for sequential processing or by experiments using the same stimuli that must be classified in different ways (44) .
An implicit assumption of this characterization of right-versus left-AC discrimination functions derived from lesions is that under normal conditions these functions can be selectively used depending on the discrimination task rather than on the stimuli proper. There is no question from electrophysiological recordings that even simple neurons with a typical best frequency in the primary auditory cortex field (AI) of both right and left AC normally represent continuous and segmented FM in a tonotopically faithful activation pattern (47) . But because only right AC seems able to explicitly distinguish a rising from a falling continuous FM, it must be assumed that an interaction with other parts of cortex that serve the behavioral consequences of this task is selectively established with right AC. This idea of flexible task-dependent interactions in cortex is much supported by human fMRI results (44, 45) and by anatomical evidence. Unlike subcortical auditory stations where processing steps can be explained by convergent and divergent ascending inputs, even primary AC receives Ͼ50% of its inputs from other cortical areas including many nonauditory fields (60) . Thus, the essence of cortical auditory processing is the top-down access to and interaction with other cortical functions that do not serve auditory analysis of sounds but rather their conceptualization and interpretation (47) .
In principle, lesion studies in a sensory system cannot localize the emergence of a behavioral function to the lesioned level of the pathway. The crucial level or some preliminary mechanism of a function can always be more peripheral. Therefore, in some lesion cases, this more peripheral level may take over the function. This is likely the case in the present experiment 3 with discrimination of segmented from continuous FM (Fig. 3 A and C) . With bilateral or unilateral AC lesions alike, animals did not reach a normal high level of discrimination performance during the first block of training but improved upon additional training. Furthermore, animals lesioned after training only partially lost their discrimination performance (Fig. 3 B, D, and E) . These results are reminiscent of a previous AC-lesion study in gerbils in which animals first lost the discrimination of amplitude-modulated tones (20 vs. 40 Hz) but regained performance after additional training that was attributed to subcortical mechanisms of rhythm discrimination (61) . Note that, in the present study, FM segmentation was equivalent to an amplitude modulation of sounds at 10 Hz. Thus, we hypothesize that subcortical levels of temporal processing of sounds are involved in the discrimination task of experiment 3. Future investigations, e.g., 2-deoxy-glucose imaging studies, are necessary, however, to determine what specific brain areas are activated in lesioned animals during temporal processing tasks.
In conclusion, the present data clearly demonstrate a cerebral lateralization of perception of artificial nonvocal sounds in a nonhuman species, i.e., in an auditory, not speech-specific model that separates basic auditory-level processing from speech-or vocalization-specific (phonetic-level) processing. These data suggest that asymmetries of auditory perception are not unique to humans nor are they specific to human speech or animal vocalization and further suggest that the asymmetries observed in a rodent species may represent critical evolutionary precursors to lateralized mechanisms for speech processing in humans. The various human studies, suggesting that common neurobiological mechanisms may underlie asymmetric cortical processing of both speech and nonspeech auditory stimuli, are complicated by the fact that perceiving speech represents the confluence of two separate tasks: recognizing both the acoustic characteristics and the semantic content of stimuli. Our study, however, provides a ''prelinguistic'' animal model suitable for the investigation of neurobiological mechanisms underlying normal and disturbed lateralized AC functions in humans. AC Lesions. Lesions were made under ketamine (100 mg/kg) and xylazine (5 mg/kg) anesthesia by thermocoagulation of the whole AC on the left side, or the right side, or bilaterally (Fig. 6) ; see Methods in SI Text for details.
Materials and Methods

Animals
Training Procedure. Gerbils were trained in a two-compartment shuttle-box (E10 -15; Coulbourn Instruments) by using a go/no-go avoidance discrimination procedure (42) ; see Methods in SI Text for details.
Stimulus Characteristics. The digitally synthesized FM stimuli used as CS ϩ (go) and CS Ϫ (no-go) are shown in Table 1 ; see Methods in SI Text for details.
Evaluation of Results.
Number of conditioned responses during CS ϩ (hits, CR ϩ ), number of conditioned responses during CS Ϫ (false alarms, CR Ϫ ), response latencies (times between CS onset and hurdle crossing), hurdle crossings during the intertrial interval, and intensity and duration of footshocks (unconditioned stimuli) were monitored and recorded by a custom-made computer program. The difference between counts of hits and false alarms (CR ϩ Ϫ CR Ϫ ) was used as a measure of discrimination performance (CR difference). For statistical evaluation, see Methods in SI Text.
